Group 1 plg-R mRNAs; but It is absent in the Group 2 family so that their GAA repeats merge with their poly_A tails. In contrast to genomic sequence, GGA triplet repeats are amplified (n > 24-26), whereas GAA triplet repeats are truncated variably (n <, 9-37) and expressed uninterruptedly In both mRNA Groups. These results suggest that 3' end processing of the rat PIGR gene may involve misalignment, slippage and premature termination of RNA polymerase II. The function of this unusual processing and possible roles of chi-Wke octamers in quiescent or extrahepatic tissues are discussed.
INTRODUCTION
Animal cell genomes contain repetitive sequences that regulate gene expression (I). Apart from pseudogenes (2), these sequences include populations of major and minisatellites and poly-dispersed simple tandemly repeated microsatellites (STMS; 3,4). STMSs are polymorphic (with repeat unit sizes of 2-5 nucleotides [nt]), abundant (with > 2 x 10 5 copies per genome), implicated in recombination (5) and associated with unusual DNA structures including cruciforms, palindromes, 'knots' and left-handed helices (6) .
STMSs have been linked etiologically with human neurological disorders (7) and with gastrointestinal malignancies associated with familial colorectal cancer (8) . In several cases, genetic etiologies correlate with unstable transmission of amplified stretches of constitutive tandem triplet repeats, and with subsequent expression of aberrant repeats in the 5' UTRs, coding regions, or 3' UTRs of disease-associated mRNAs (9) (10) (11) (12) . To our knowledge, no animal models are available for investigating mechanisms generating trinucleotide repeat diversity in such genes, or in the STMSs of genes unrelated to the inherited disorders identified thus far.
Our attention was drawn to these problems when, during studies of normal rat liver regeneration (13), we observed variable arrays of tandem GAA repeats in the 3' untranslated regions (3' UTRs) of several hepatic cDNAs putatively associated with 'plg-R' mRNAs (14) encoded by the polymeric immunoglobulin receptor gene (PIGR; 15, 16) . The PIGR gene is a member of the immunoglobulin (Ig) superfamily (17); it encodes a 120 kDa membrane glycoprotein (18) that transports dimeric plasma IgA and IgM transcytotically to mucosal spaces bordered by epithelial cells including rat hepatocytes (19, 20) . Such transport is essential for animal survival as it mediates mucosal protection against extracellular and intracellular pathogens (21) .
Variable STMSs in rat plg-R mRNAs are unexpected and puzzling since rat hepatocytes produce only one 4 kb plg-R mRNA (22) . In contrast, rabbits produce two STMS-free plg-R mRNAs by alternative splicing of an apparently single gene with a 'repetitive element' in its 3' UTR (23) and, although the human PIGR 3' UTR sequence is defined incompletely (16) , an STMS occurrence at its 3' terminus may well be inferred from known unstable rearrangements, duplications, insertions, deletions, oncogene-associated breakpoints and gastrointestinal malignancies (24) at or near its chromosomal locus (Iq31-q32; 25) .
To further investigate provocative aspects of PIGR expression, we present evidence here of an Sl-nuclease sensitive STMS in a single-copy rat PIGR gene that encodes GGA-and GAA-triplet repeats from its 3' UTR. Remarkable differences between genomic and cDNA sequences spanning the STMS repeat regions suggest that unusual processing of the PIGR terminus or its transcripts generates 3' UTR diversity among plg-R mRNAs found in regenerating hepatic tissue.
MATERIALS AND METHODS

Animal surgery and RNA isolation
Male Fisher 344, Wistar or Sprague Dawley rats (180-220 g; Simonson, Gilroy, CA) were used for surgical procedures and isolation of hepatic RNAs according to standard procedures (13) .
Construction and screening of Fisher rat liver cDNA libraries
Two cDNA libraries were constructed from different animals. Size-selected polyA + RNAs were obtained from pooled regenerating liver lobes of each rat 24 h after 67% hepatectomy (13, 14) . The cDNAs of these RNAs were ligated into X-Uni-ZapXR vectors (cat. #200400; lot #UC 116) following the protocols of the manufacturer (Stratagene, La Jolla, CA). Both libraries were amplified (1 x 10 1 " p.f.uVml; =1.5 complexities) without subsequent background change. Libraries were screened with a 1245 bp Not\ random primer 32 P-labelled double stranded (ds)-cDNA probe containing the entire human cyclin Dl coding sequence (13) . Hybridizations were performed at 60°C (0.5 x SSC, 3.5% SDS; 26). After four cycles of plaque-purification, plasmids carrying 0.3-^4.0 kb inserts were recovered from 21 of 48 positive clones.
Isolation of genomic clones encoding the Wistar rat PIGR gene
To obtain genomic clones encoding the rat PIGR gene, a plg-R 5' cDNA probe was prepared by reverse transcriptase-polymerase chain reaction (RT-PCR) amplification of Sprague Dawley rat liver RNA. Five pmol of a single-stranded (ss) antisense plg-R oligodeoxynucleotide primer, 3'-d[cggcaccagtatttccg]-5' (spanning plg-R ss-mRNA nt positions 227-243), were annealed to 5 |ig liver RNA (in 20 ^1 containing 0.5 mM dNTPs, 50 mM Tris-HCl, pH 8.5, 8 mM MgCl 2 , 30 mM KC1, 1 mM DTT); extension reactions with 25 U AMV RT (Boehringer Mannheim) were performed at 42 °C for 1 h. The nt numbering scheme is based upon the published rat plg-R cDNA sequence (15) . Although nucleotides 1-20 of this sequence are pUEX cloning vector, we have not changed published notation (GenBank accession number X15741). After inactivation at 95°C for 5 min, 20% of the cDNA product was combined with additional antisense and sense primer,
5'-d[gccgcaacctccttggaagcc]-3'
(spanning ss-mRNA nucleotide positions at final concentrations of 50 \iM. PCR was then performed in 50 |il containing 50 mM KC1,10 mM Tris-HCl, pH 8.3, 1 mM MgCl 2 , 200 uM dNTPs and 2 U of Taq polymerase (Promega) for 35 cycles, each consisting of: 95°C, 40 s; 42°C, 45 s and 70°C, 40 s using a thermal cycler (MJ Research). Reaction products were separated on a 7% polyacrylamide gel in 1 x TBE and the 198 bp PCR cDNA band excised and subcloned in pGEM-T (Promega). The identity of the 198 bp insert was confirmed by DNA sequencing, isolated preparatively and =50 ng radiolabelled by random priming (Amersham) using [a- 32 P]dCTP (>3000 Ci/mmol, NEN) (26) .
An adult male Wistar rat liver genomic library (Clonetech; supplied by J. Kriger, Stanford University) was screened in duplicate by standard methods (26) with the 198 bp 5' cDNA PCR probe or with a random primer labelled 2.3 kb BamHl plg-R cDNA probe (nucleotides 958-3269). Positive plaques (k vector EMBL3) were carried subsequently through two additional rounds of plating and selection. Candidate clones were purified from a clear lysate as described (26) . Fragments of genomic regions, 17 kb XlOIgR and 14.4 kb X2IgR, were subcloned into pGEM-7Z[-] (pGEM, Promega).
Manual sequencing and analyses of cDNA and genomic clones
Plasmid cDNAs were purified by two cycles of centrifugation through CsCl-EtBr gradients. Supercoiled cDNAs (40 (ig) were linearized by digestion with restriction enzymes at sites far removed from regions to be sequenced, and repurified on agarose minigels (26) or TAQuenase kits (USB). Resolution and gel compression problems were solved by varying the conditions of labelling and termination with respect to time and temperature (5-10 min and 70-78 °Q, employing appropriately substituted dGTP analogs (dITP or 7-deazaGTP), and varying gel running times (2-14 h). Sequence data were plotted, aligned, analyzed and downloaded using DNasis (Hitachi), MACAW (27) , BLAST and RETRIEVE software (NCBI), respectively. Plus or [-] strands of ds-DNA genomic inserts from appropriate A2IgR subclones (pBS-ESPS5 and pBS-ESPS3; or, pGEM-ESBB and pGEM-A) were purified, linearized and analyzed as described above.
Northern and RT-PCR analyses of Fisher rat liver mRNAs
For Northern analyses, polyA + or total RNA samples from individual rats were subjected to HCHO-agarose gel electrophoresis as described elsewhere (13) . Antisense ss-oligodeoxynucleotide probes, designed with OLIGO software (28) , were constructed and purified by the UCSD CMG Oligodeoxynucleotide Synthesis Facility, and 5' end-labelled with [y-32 P] ATP (6000 Ciymmol, Amersham) using T4 polynucleotide kinase (26) or 'Ready-to-Go' DNA labelling kits (Pharmacia). P]ATP. Blots were washed at 21°C (in 2 x SSC for 5 min; and, twice in 1 x SSC, 0.1 % SDS and once in 0.1 x SSC, 0.1% SDS for 30 min), drained briefly and subjected to autoradiography or radioisotopic scanning (13) .
PIGR copy number determinations
DNA samples were applied to nylon membranes by vacuum slot or positive pressure blots, and subjected to Southern analyses, autoradiography and radioisotopic scanning. Slot blot samples, denatured in 100 u.1 solutions of 0.5 M NaOH and 1.5 M NaCl, consisted of: no DNA or 100 ng salmon sperm carrier DNA (controls); or, 5 u.g DNA purified from Fisher rat liver nuclei (experimental; 13); or, 100 ng carrier DNA plus 22.5, 45, 90 or 180 pg of Wistar X2IgR DNA (standards). The amount of each DNA standard corresponded to theoretical numbers of -0.7, 1.4, 2.8 and 5.6 genes per haploid equivalent, given a 45 kb size for the EMBL3 standard and the assumption that 10 pg of experimental DNA (1 haploid rat genome) (29) contained ~2 x 10~5 pg of a 14.4 kb fragment of the 21 kb PIGR gene. Following transfer, membrane strips were neutralized in two changes of 2 x SSC, irradiated with UV and subjected to hybridization (5 x 10 6 c.p.mTblot) with either Sstl 0.24 kb cDNA inserts derived from pGEM-A. or BomHI plg-R cDNA probes (1-1.1 x 10 9 c.p.m./ng) labelled by random priming with [a-32 P]dCTP (£3000 Ci/mmol, ICN). Prehybridization incubations with 75 u.g carrier DNA were 4 h, washing for 15 min. DNA samples (Wistar X2IgR or total hepatic DNA) were digested with either £coRI, BamYU, Kpn\, Nco\, Hindlll or combinations of them (26) . Following 1.2% agarose minigel electrophoresis (1 u.g DNA/track) and PosiBlot transfer, hybridizations were performed with the labelled BamHl cDNA probe.
Southern analyses
DNA samples were transferred to nylon membranes (Gene Screen) at 21 °C using a vacuum slot blot (BRL) or PosiBlot apparatus (Stratagene). Before transfer, samples destined for slot blots (10 ng DNA of subcloned pGEM Sstl inserts A-E pBS-ESPS5, pBS-ESPS3 or a 1.6 kb Pstl insert in pBS-ESPS'mid'; or, 500 ng Wistar A.2IgR DNA) were heated 5 min at 100°C in alkaline solutions (0.4 M NaOH) containing salmon sperm carrier DNA (1 (ig/slot) and shifted to 4°C. DNA samples destined for positive pressure blots were obtained following electrophoresis through 1.2% agarose minigels (1 u.g DNA/ track). Before transfer, gels were stained with EtBr, photographed, then incubated for 30 min at 21 °C in solutions of 0.5 M NaOH and 1.5 M NaCl, followed by 1.5 M NaCl and 1 M Tris-HCl, pH 7.5. After transfer (at 21 °C in 10 x SSC for 45 min), all membrane strips were incubated three times in 2 x SSC for 5-10 min at 21 °C and DNAs crosslinked by UV irradiation (Stratalinker®). The strips were dried and subjected to prehybridization (4 P-labelled PCR products were recovered, heated 2 min at 100°C in a solution of 95% ultrapure fonmamide and 0.1% xylene cyanol and bromophenol blue, electrophoresed through 8 M urea/6% polyacrylamide minigels and, after drying 1.5 h, visualized by autoradiography (13); or, further analyzed by digestion with CvlR (30) and analyzed by non-denaturing 3.5% agarose minigel electrophoresis.
Subcloning and sequencing of Fisher rat genomic PCR products
Genomic Fisher 250 bp PCR products were prepared with primers phosphorylated with T4-polynucleotide kinase (26) . PCR reaction products were gel purified, blunted with T4 DNA polymerase, and ligated into Sraal-blunted pBSIIKS [-] plasmids treated subsequently with calf intestinal alkaline phosphatase (26) . Blue-white color selection of SURE cells (Stratagene) transformed with this plasmid mixture resulted in two colonies containing inserts, from a total of three transformants. The plasmids from these two clones containing inserts (Fl [PCR] and F2[PCR]) were amplified and purified by ultracentrifugation through CsCl followed by Qiagen Q20 column chromatography (Qiagen, Chatsworth, CA). The sizes of the inserts (including plasmid backbones flanking each insert) were determined by digestion at proximal multicloning sites with Xhol and Xbal and electrophoresis through 1.2% agarose minigels.
DNA sequences of both strands of the Fl [PCR] and F2[PCR] inserts were determined by Taq Dye Deoxy-Termination Cycle sequencing reactions (Applied Biosystems), using either Stratagene primers (as above), or UCSDCC4 and UCSDCC5 primers. Sequences were aligned and tested for statistical significance using Sequencher (Macintosh) and MACAW software (27) .
Restriction site mapping and nuclease-Sl digestion
The 0.24 and 0.62 kb genomic Wistar DNA inserts in pGEM-A (control) and pGEM-ESBB, respectively, were analyzed by digestion with restriction enzymes (Gibco-BRL) and electrophoresis through 0.8% agarose minigels. Restriction mapping of larger genomic fragments from total Wistar rat liver DNA was performed similarly with blotting to nitrocellulose. PIGR-specific fragments were detected by Southern analyses as described above with a random primer labelled BamHl plg-R cDNA probe. After hybridization in 6 x SSC for 24 h, the filters were washed at 52°C in 1 x and then 0.2 x SSC (26), dried and subjected to autoradiography for 20 h at -70°C.
For Sl-analyses of Fisher cDNA inserts, 8 ^g of purified supercoiled DNA plasmids (control 2.9 kb pBluescriptIISK[-] = pBS; or, experimental 3.3 kb subclone pBS+[c3]) were incubated without ('Nothing') or with 5 U of nuclease-Sl (Pharmacia) or 10 U of Seal (Gibco-BRL) for 30 min or 3 h at 37 °C, respectively (26) . For sequential treatment, digestion products remaining after incubation with nuclease-Sl {~VJ vol of a reaction buffer containing 0.2 M NaCl, 0.05 M sodium acetate, 1 mM ZnSC>4, pH 4.5) were cleaned first with phenol and then with CHCI3, precipitated with EtOH, redissolved in TE buffer and treated with 10 U of Seal. Final reaction products were analyzed by electrophoresis through 1.2% agarose minigels using a 1 kb DNA ladder. Tests for S1 -sensitivity of genomic subclones from Wistar rats were performed identically.
RESULTS
Regenerating Fisher rat liver cDNAs contain a novel STMS harboring two tandem triplet repeat regions
STMS-containing cDNAs were initially isolated serendipitously from rat cyclin Dl cloning attempts, using two directed hepatic cDNA libraries (14) . In this screening, partial sequencing of several cDNA inserts revealed four 'families' exhibiting extensive internal homologies although none harbored significant homologies to published sequences of human or murine cyclin Although this correlation coefficient is significant statistically (P < 0.01), the possibility that poly_A tail length varies randomly, depending upon hybridization of oligo_dT at the initial cloning stage, was not eliminated. (34) and GAA-and CT-rich inversions. In contrast, the hypervariable GAA tracts in Group 2 mRNAs merged uninterruptedly with their poly_A tails, resulting in a configuration with minimal 2°s tructure and designated as a poly(A)-proximal tandem triplet repeat (PAPTTR). The fortuitous isolation of truncated plg-R cDNA clones in both libraries might be attributed to relatively stable hybrids formed between the probe and both Groups of cDNAs (the T m for dG • dC base pairing in this GGA-rich region = 84°C [%GC method]) during screening. This is supported by sequence alignments (Fig. ID) showing a region of significant GGA sequence homology between the cyclin Dl screening probe and GGA repeat regions of the sequenced inserts.
To investigate the possibility that STMSs in rat plg-R cDNAs were generated by cloning artifacts or produced specifically during liver regeneration, Northern and RT-PCR analyses were made with RNAs isolated directly from quiescent and regenerating liver. When Northern blots of total or polyA + hepatic RNAs were probed with the 2.3 kb BamHl plg-R cDNA, a broad band of 3.5-3.9 kb was observed in RNA samples obtained from quiescent or regenerating tissue (data not shown). Based upon cDNA sequencing results, and the assumption that size distributions of native hepatic mRNAs are similar to those present during library construction, the predicted size range of composite plg-R mRNAs would be 3.5-3.9 kb (3520,3528,3533,3548,3817 and 3823 nt for cl, tu2, cJ, c.9, c.7 and cl5, respectively). Steady-state levels of plg-R 3.5-3.9 kb mRNAs, detected on Northern blots, were invariant between 0-12 h after sham or 67% hepatectomy. However, 24-192 h post-operatively, the levels of these mRNAs rose 3-10-fold in regenerating liver compared to sham operated controls, concurrently with hepatocyte membrane levels of mature plg-R receptors detected by immunofluorescence in situ and by Western blotting (L. Saucan, G. E. Palade, K. S. Koch, A. S. Gleiberman and H. L. Leffert, unpublished results). Additional measurements suggested that regeneration-associated levels of Group 2 plg-R mRNAs exceed Gmup 1 levels 24 h post-operatively. Though gel loading and RNA transfer artifacts did not appear to account for these differences, judged by EtBr-staining and control blots using a 1.2 kb G3PDH cDNA probe, further work is needed to confirm these observations. When stripped (26) or parallel blots were analyzed with probes for the plg-R 3' UTR regions common to both Gmup 1 and Gmup 2 (nucleotides 3227-3256 and GAA repeats), or specific to Gmup 1 283 nt units (nucleotides 3709-3738; see Fig. 2 ), each probe hybridized to mRNAs in an identical size range. Discrete bands of higher M r were not observed (35 
Rat plg-R STMS homologies to related and unrelated sequences
Upon inspection of reported plg-R cDN A sequences of four other mammalian species (36) (37) (38) (39) , no STMS-like homologies were found. However, c/»-like octamers were found in human, bovine and rabbit cDNAs (and again, upstream in the rat open reading frame [nucleotides 1976-1983] ). Upon inclusion of the mouse cDNA sequence, further evidence of eight conserved homologous tracts in the plg-R 3' UTRs of these mammals was revealed. These data can be supplied to interested investigators by sending a reprint or E-mail request to hleffert@ucsd.edu. When a search was made for homologies to the rat plg-R STMS (nucleotides 66-311 in c_3), significant homologies (P(N) = 2.1 x 10" 52 -1.8x 10"") were identified among 10 GenBank entries. These alignments are shown in Figure 3 F_= 5000 bp) and subcloned into pGEM-7Z. Partial sequencing revealed portions of 12 and exon 3 (E3) at the 5' boundary of fragment D (diagrammed in Fig. 4) ; and, a stretch of 87 nt in fragment A perfectly homologous to nucleotide positions 1121-1207 and 546-632 of the poly_A signal-containing proximal regions of Group 1 Fisher rat plg-R c. 15 and c.7 cDNAs (Fig. 2) . These observations suggested that X2IgR contained a complete 3' terminal region and, assuming-a PIGR genomic size of -21 kb (16, 25) , X2IgR spanned >70% of the length of the PIGR gene.
To identify exonic fragments in X2IgR containing the 3' UTR, Southern blot analyses were performed using the plg-R 2.3 kb BamYQ cDNA probe (Figs 4 and 5) and indicated that fragments E and E. contained sequences homologous to this probe (data not shown). Fragment E was not analyzed further, since restriction site mapping of fragment £ (Fig. 4) Structure of triplet repeat STMSs in the 3' UTR of PIGR genomic clone A_2IgR Figure 5 . Regional localization of the STMS in the Wistar rat genomic clone X2IgR by Southern analyses. Purified ds-DNA fragments from pGEM Sstl inserts A-E untreated X2IgR, subclones of pGEM-E (see Fig. 4 ) and control salmon sperm DNA were subjected to slot (top and middle panels) or PosiBlot transfers (bottom panel) and analyzed by hybridization to either GAA-specific (GAA), 60 nt GA-rich constant region-specific (UCSDCC4) or GGA-specific labelled ss-probes (UCSDCC6). Blot autoradiograms were made after film exposures of 18 (GAA and UCSDCC4 probes) or 48 h (UCSDCC6 probe) at -70°C.
PstlSstl sequence and restriction cleavage sites flanking the STMS in the 3' UTRs of the Group 1 Fisher rat plg-R mRNAs (Fig. 2) . These observations suggested that X2IgR-derived fragment E contained STMS core structure. To confirm this prediction, Southern blot analyses (Fig. 5) were performed with all A2IgR Sstl fragments and three subclones of fragment E (pBS-ESPS5; pBS-ESPSmid [housing an intervening Pstl-Pstl 1.6 kb insert]; and, pBS-ESPS3 [housing a 3' end 758 bp Pstl-Sstl insert]) using ss-probes specific for the three STMS core elements. These analyses showed that STMS-like sequences were present only in pBS-ESPS3.
The presence of Sstl sites at the 5' boundary of fragment E and at nucleotide 1993 in the plg-R cDNA, suggested that fragment E contained portions of E8 and/or 18. To investigate this possibility, the subclone pBS-ESPS5, containing the 0.9 kb Sstl-Pstl from the 5' end of fragment E was sequenced partially. The results are shown in Figure 6 (top). Nucleotides 1-104 were identical to plg-R mRNA nucleotides 1993-2096. This stretch also matched the terminal portion of human E8; and, its predicted translation product was identical to the predicted sequence of the mature rat protein along this region (amino acids 623-656; see The results of additional sequencing of the 0.9 kb insert in pBS-ESPS5 (Fig. 4) between nucleotides 139-374 and 589-900 at its 5' and 3' ends, respectively, are given in GenBank accession numbers U08271 and U08272, respectively. These results indicated that two additional STMSs were present in the 3. The combined results indicated that X2lgR Sstl fragments D, E E and A were oriented tandemly (5'-»30 and contiguously, and were composed of exons and introns expected from published To localize triplet repeat STMS-rich regions and flanking sequences precisely, overlapping inserts in pBS-E_SPS3, pGEM-ESBB (a 622 bp BgHl-Sstl subclone of pBS-ESPS3) and pGEM-A, as diagrammed in Figure 4 , were sequenced. A composite sequence (999 nt) was analyzed for similarities to rat plg-R mRNA and Group 1 cDNA clone (c.15). This analysis is shown in Figure 6 
One PIGR copy per haploid genome
To quantify rat PIGR gene copy number, DNA slot blots were performed with high M r Fisher rat liver nuclear DNA ('F), using * 2 P-labeIled X2IgR-derived fragment A or the BamHl fragment of plg-R cDNA as probes flanking the STMS. The 14.4 kb X2IgR genomic clone was employed as a quantitative standard of haploid 'equivalents'. These standards were based upon estimates of 20 ± 2 pg DNA/diploid equivalent, determined from measurements of total nuclear DNA content of primary adult Fisher rat hepatocytes (29) . The results of these studies, obtained from quantitative scanning of individual tracks, suggested that Fisher rats contain one PIGR gene copy per haploid DNA equivalent (Fig. 7A) .
Single high M r BamYU and Kpnl fragments were also observed on genomic Southern blots, using the 2.3 kb BamH 1 plg-R cDNA probe, following treatment of Wistar rat liver DNA with these and several combinations of additional restriction enzymes (Fig. 7B) . These findings suggest a single copy PIGR gene and are consistent with prior analyses of the single copy rabbit PIGR genomic sequence (23 c. 15 cDNA, these differences created a stretch of five intermittent dA^G conversions (at nucleotides 3379, 3382, 3385, 3388 and 3391) and a 'deletion' between nucleotides 3393-3414 (Fig. 6 [bottom]). Secondly, although XllgR GAA repeat units (n = 39) accounted sufficiently for the maximal numbers of GAA repeat units observed in cDNAs (n -37), GAA repeat units in cDNAs were observed without discontinuities whereas genomic d[GAA] repeats in X2IgR were interrupted by 2 nt (..d [AA] ..) between the 5 th and 6 th repeat units. Thirdly, two genomic nucleotides at positions 3519-3520 were changed from AT to GA at coordinate sites in c. 15 .
To determine if strain differences accounted for these discordant differences between STMS regions in genomic and Group 1 cDNAs, PCR analyses and PCR-product sequence determinations were made with genomic Fisher DNA ('F'), and X2IgR ('A.') and c.15 ds-DNAs as control DNA targets, using upper (nucleotides 3315-3333) and lower (nucleotides 3566-3584) PCR primers flanking variable regions of STMS structure (Fig. 6 [bottom]).
PCR products are shown in Figure 8 . In the initial studies (panel A), a predicted 270 bp product, obtained from the Fisher cDNA target, was clearly distinguished from the observed and predicted 248 bp product of the Wistar X genomic target; no PCR products were detected when linearized insert-free pBS or H2O controls were used as targets. When F genomic targets were used, major and infrequent minor products of -'250' and -340-400 bp, respectively, were obtained. Southern blots to individually analyzed gel purified products, analyzed with labelled d[ttc]n=n or d[/cc]n=i 1 probes, revealed hybridization signals for GAA and GGA repeats only within PCR products of 270 and -250 bp (data not shown). Additional PCR analyses using slightly altered conditions consistently demonstrated identically sized Wistar and Fisher genomic products (-250 bp) and failed to reproduce the -340-400 bp products from either X or F targets (panels B-E). These observations suggest that the -340-400 bp F products were PCR artifacts; further analyses were focussed, therefore, exclusively on the 250 bp forms.
The 250 bp Fisher PCR product (from panel A) was gel purified and subcloned. Two clones with inserts were recovered ('pBSFl' and 'pBS-F2') and characterized by (Fig. 9) .
Sequencing artifacts did not account for the observed differences between FlfPCR] and F2[PCR], or for the three fewer GAA triplets in Fl [PCR] compared to the Wistar STMS, since identical results were obtained with two different sets of primers (Fig. 9) ; and, no Taq polymerase artifacts of flanking d[AJT] residues were seen. In addition, in both cases of automated sequencing of F PCR products, the flanking vector sequences obtained (composed of -70-100 bp as expected from the sizes of the chimeric fragments in digests of pBS-Fl and pBS-F2) were perfectly identical (data not shown) as predicted from the known primer binding and polylinker sequences flanking the Smal site of the subcloning vehicle.
To investigate the possibility that the 207 bp F2[PCR] arose from a PCR artifact, PCR was repeated with F and X targets in parallel. The results, similar regardless of ds-DNA origin, are shown in Figure 8B -E. When PCR products were formed under standard conditions (' 1 st PCR') but analyzed on 3% agarose gels, EtBr-stained bands <250 bp were not observed; if present, . (E) Analyses of genomic PCR products following digestion with CvUl on 3.5% agarose minigels. First round PCR products from X and F DNA target samples (as in panel B) were subjected to electrophoresis through 1 % agarose gels. The -250 bp main bands from each reaction product were gel purified. Two Hi of the purified samples were then subjected to mock-(lanes 4 and 3) or Cvt/I-digestion (lanes 2 and 1) , respectively, at 37 P C for 1.5 h, in 20 Hi aqueous reaction volumes containing 2 and 1 (il of 10 x enzyme buffer and CvUl (0.5 U, as indicated), respectively. Under the electrophoresis conditions employed (1.5 h at 100 V), the expected 29 bp fragment 'common' to each target would have migrated off the gel and would not be visualized by EtBr-staining. Numbers shown along the right vertical axis designate relative positions of 1 kb ladder markers (lane 5).
however, stained bands of 200-210 bp should have been seen (panel B). Although some 'diffusion' of stained products above and below the edges of the major bands was detected (lanes 3 and 4), this heterogeneity probably arose from incomplete 1 st PCR cycles as a 2 nd round of PCR ('2 nd PCR') attenuated diffusion at these edges considerably (lanes 1 and 2) . Similar results were obtained when these same PCR products were analyzed further on a higher resolving non-denaturing polyacrylamide gel (panel C), although these results revealed that the homogeneously sized PCR products in the mixture were clearly capable of forming topologically heterogeneous subpopulations (detected as several bands >250 bp [lanes 3 and 4]) that, following 2 nd PCR, became more homogeneously sized in the neighborhood of 250 bp (lanes 1 and 2). When PCR products were formed with an end-labelled primer and analyzed on a denaturing high resolution polyacrylamide gel (panel D), -95% of the products observed showed a size of -250 nt; no higher M r products were seen, but -5% of the products from both targets showed smaller sizes of-150-200 nt (panels 2 and 3). Lastly, if F targets that generated F2 [PCR] were truly endogenous to nuclear DNA, and were consistently amplified by PCR, then digestion of this PCR mixture with CvLfl would be expected to produce 178 and 29 bp fragments; in contrast, an endogenous 250 bp Fl[PCR]-like or X substrate would be expected to produce fragments of 219 and 29 bp after digestion (see Fig. 9 ). The results of CvUl digestion snowed evidence of only 219 bp fragments; no 178 bp fragments were seen (panel E).
All of these observations suggest that Fig. 8D) , and was included in the agarose gel purified band used as target material (lane 4 in Fig. 8 A) , it is unlikely to be faithfully genomic in origin since both species were apparently produced by the A. target as well. If these two species from the single X target prove to be identical to Fl and F2, then it is also unlikely that F2 [PCR] arose from an artifact during the construction and/or bacterial arnpli- fication of pBS-F2 (6) . The possibility that the truncated GAA region in F1[PCR] also arose artifactually or, instead, that it reflects a true allelic difference between the two rat strains remains to be determined.
Rat plg-R cDNA and PIGR genomic STMSs are sensitive to digestion with nudease-Sl
To determine if rat plg-R STMS-containing cDNA sequences manifested non-B DNA structure (41), supercoiled pBS plasmids lacking (3.3 kb) or carrying the 326 bp c_3 insert were subjected to digestion with Seal (unique to nt 2526 in pBSIISKf-]. but absent from the c3 insert), nuclease-S 1, or nuclease-S 1 followed sequentially by Seal. Specific SI-sensitivity was observed only in pBS+[c3] following sequential treatment, as indicated by the formation of two digestion products with sizes of 1.2 and 2.0 kb (Fig. 10A) . A preliminary map of SI-sensitive sites ( Similar experiments were performed with supercoiled 3.0 kb plasmids carrying X2IgR-derived STMS-free (241 bp, pGEM-A) or GGA-and GAA-rich (622 bp, pGEM-ESBB) inserts. The ds-plasmids were subjected to digestion with Seal (a unique pGEM restriction site at nt 2500 absent from inserts ESBB or A), nuclease-S 1, or nuclease-S 1 followed sequentially by Seal. Specific S1-sensitivity was observed only in ESBB following sequential treatment, as indicated by the formation of two specific digestion products with sizes of~1.4 and 2.0 kb (Fig. 10C) . When similar experiments were performed with Xbal instead of Seal, sensitivity to nuclease-S 1 was observed again at similar sites, as indicated by the formation of two specific digestion products with sizes of-3.2 and 0.4 kb (Fig. IOC) . A preliminary regional map of S 1-sensitive sites (Fig. 10D) placed their positions within core STMS structure between ESBB nucleotides 320-480 (nucleotides 3424-3584 of composite genomic sequence in Fig. 6 Although the rat PIGR gene might be polymorphic or allelic (48) in the distal region of its STMS, or harbor neighboring tandemly duplicated STMSs (an unlikely possibility from available PCR results), we have obtained strong evidence of a single copy gene and perfect matches in a 155 bp region of the STMSs from two strains. Furthermore, no markers of processed pseudogenes (2) are revealed among widely spread regions of two full-length Wistar genomic PIGR clones. Our results are also consistent with human PIGR mapping studies (25) and rabbit PIGR copy number measurements from Southern blots suggestive of a single gene (23) . We conclude, therefore, that the rat genome encodes a previously unrecognized STMS in a single functional PIGR gene and this exhibits unusual processing at its 3' end.
Additional evidence supports such conclusions. Firstly, at least six cloned Fisher rat hepatic cDNAs, devoid of intronic repeats, have been found to contain similar but non-identical patterns of tandem GGA and GAA repeat tracts in their 3' UTRs. These cDNAs also show striking dissimilarity unrelated to their STMSs, based upon the presence or absence of the 283 nt unit, leading to their operational classifications into Group 1 and Group 2 cDNAs. Lacking identifiable polyadenylation signals, and owing to the missing 283 nt unit, the continuous GAA-repeats of Group 2 mRNAs merge uninterruptedly with poly_A tracts to form unusual mRNA 'ends' (PAPTTRs) lacking canonical poly_A signals.
Secondly, variable STMSs in these cDNAs are likely to represent portions of the truncated ends of polyadenylated plg-R mRNAs, as exact homologies exist among the different Groups of cDNAs, 3' exonic regions of PIGR genomic sequences, and coding and UTRs of the rat plg-R cDNA (15) . Cloning artifacts of 1 st strand cDNA synthesis involving priming at internal oligo_A sites, or DNA slippage replication artifacts of manual or automated dideoxy-DNA sequencing involving 77 or Taq polymerases and different pairs of sequencing primers, are unlikely to have produced these STMSs or their variable structure: none of these STMSs contain unusual internal oligo_dA tracts; each STMS is defined distinctly by a stable and unique GGA and GAA repeat unit composition; no evidence of slippage replication is observed on sequencing gels; and both Groups of molecules containing variable STMS core structure are present in directed cDNA libraries from two separate animals. Furthermore, Northern and RT-PCR analyses of Group 1 and Group 2 mRNAs from regenerating and quiescent livers, reveal full-length endogenous plg-R mRNAs under both conditions (3.5-3.9 kb) and predictably-sized plg-R mRNA-derived products during regeneration (1.1 kb Group 7-like and 1.2 kb Group 2-like PCR products, respectively); STMSs containing constant GA-rich regions and GGA and GAA repeats are also observed by hybridization analyses in both cases. Although inspection of the available PIGR 3' UTR sequences among human (~447 nt of an incomplete 3' UTR) and non-human sources indicate many conserved regions of far upstream and far downstream 3' UTR homology, the genomic organization and the expression patterns of these or other STMSs in the plg-R mRNAs of quiescent and extrahepatic tissues have not yet been analyzed rigorously in rats or other plg-R-expressing species. A better understanding of mechanisms which generate variability in PIGR 3' UTR triplet repeats and the unusual processing at the 3' end of the rat PIGR gene might illuminate the pathophysiology of triplet repeat disorders (7, 9, 10) . For example, in myotonic dystrophy (DM), misalignment and slippage during DNA replication are proposed to underlie abnormal germline (9) (10) (11) and somatic expansion (49) of d [CTG] STMSs in the 3' UTRs of this polymorphic gene. Although the details of these aberrant DNA replication processes are unknown, studies with chromatin systems (50) and chimeric tissue culture cell lines (12) implicate defective transcription and/or splicing of aberrant 3' UTR STMSs as contributing causes of attenuated MT-PK mRNA and protein levels in afflicted patients (11) .
There are as yet no known inherited disorders related to the rat PIGR gene. Whether the limited discrepancies in the PIGR genomic STMS sequences reported here are shown to be strain specific allelism or polymorphisms between individual rats, it seems unlikely that DNA slippage replication play a major role in generating STMS or Group-specific diversity at the mRNA level; nevertheless, genomic sequencing from 67% hepatectomized individuals will further address this problem. Cryptic splicing or unusual editing post-or co-transcriptionally, for example, by the use of ..AG as a 3' internal acceptor, or GA.. as an internal 5' donor site (51), would also be less probable determinants of unusual processing at the PIGR 3' end, but neither possibility can yet be eliminated. Alternatively, two other hypotheses might be considered: one, that unusual processing involve DNA rearrangement and recombination, coupled with normal RNA processing; and, the second, RNA polymerase II misalignment, slippage and premature transcription termination.
The first of these hypotheses may be consistent with the presence in the 5' end of the rat PIGR STMS of a transcribed c/u'-like octamer, a sequence -strongly associated with chromosome translocation breakpoints and rearrangements of several oncogenes downstream of the octamer and with aberrant VDJ recombinase activity (52) . This octamer is upstream of additional PIGR STMS sequence homologous to polypurine-polypyrimidine-^ich repeats in other Ig superfamily members including introns of murine genes encoding the u-5 Ig-heavy chain (53), the IgG3 constant region (54) and the DR2-C a -switch region of the mouse gene encoding IgA (55 (56) . But, to our knowledge, RNA misalignment and slippage replication have not been observed or suggested previously as in vivo generators of amplified or truncated numbers of triplet repeats in eukaryotic 3' UTRs. Thus, we would consider a process of this kind to be distinct from 'stuttering' phenomena reported elsewhere (57); and, were there genetic signals underlying such hypothetical processing, they are clearly unknown. Interestingly, the 13.7 kb sequence of a normal human DM gene (58) It is currently unclear if rat 3' UTR PIGR STMSs are biologically functional or regulatory of gene expression, although various observations indirectly support such roles. Firstly, during liver regeneration when hepatocytes proliferate, differential expression of plg-R mRNAs may occur. However, the processing and translational competence of either one of the natural hepatic plg-R mRNA populations remains to be determined. Secondly, in preliminary transfection studies, the Wistar HaeUl-Taql STMScontaining fragment attenuates reporter gene expression when placed into the 3' UTRs of a family of luciferase-encoding chimeric pSP72 shuttle vectors (T. Aoki, K. S. Koch and H. L. Leffert, unpublished results). Physiological interpretations of in vitro studies of this kind are complicated further by the likelihood that triplet repeat and poly_A tail length variability occur between individual animals and, possibly, individual cells in vivo. Thirdly, STMSs in supercoiled genomic and cDNA plasmids are topologically curved and suggestive of non-B structure (60) shown by their Sl-nuclease sensitivity and electrophoretic heterogeneity. STMSs like these are implicated in the regulation of transcription (41) and the attenuation of DNA polymerization in cell free systems (6, 61) . Finally, findings in unrelated systems further indicate novel and unconventional roles for 3' UTRs in gene expression (62) but the relevance of these observations to PIGR expression is unclear.
